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ESI-FTICR MS was utilized to characterize a 4Fe-4S containing protein Mycobacterium
tuberculosis APS reductase. This enzyme catalyzes the reduction of APS to sulfite and AMP
with reducing equivalents from the protein cofactor, thioredoxin. Under nondenaturing
conditions, a distribution of the apoprotein, a 2Fe-2S intermediate, and the 4Fe-4S holoprotein
were observed. Accurate mass measurements indicated an oxidation state of 2 for the 4Fe-4S
cluster, with no disulfide bond in the holoenzyme. Gas-phase stability of the 4Fe-4S cluster was
investigated using both in-source and collision induced dissociation, which provided infor-
mation regarding the relative gas-phase binding strength of iron towards protein ligands and
inorganic sulfides. Noncovalent complexes of the holoprotein with several ligands, including
APS, thioredoxin, and AMP, were also investigated. Calculated values of dissociation
constants for the complexes indicate that AMP binds with a higher affinity to the enzyme
intermediate than to the free enzyme. The implications of the binary and ternary complexes
observed by gas-phase noncovalent interactions in the mechanism of APS reduction are
discussed. (J Am Soc Mass Spectrom 2007, 18, 167–178) © 2007 American Society for Mass
SpectrometryIron-sulfur clusters are important cofactors, ofteninvolved in biological oxidoreductive functions[1– 4]. These clusters are composed of iron and
inorganic sulfide in forms of two to four iron-clusters
and typically interact with the apoprotein through
ligation between iron and cysteinate (Cys) sulfur atoms
[5, 6]. In addition to the most commonly known func-
tion of electron-transfer [6, 7], iron-sulfur clusters are
implicated in other important biological functions, such
as binding and activation of substrates [8 –10], regula-
tion of oligomerization and stabilization of protein
tertiary structure [11–13], storage of irons and sulfides
[11, 14, 15], as well as sensing of iron, dioxygens, and
superoxides [16, 17]. Traditional techniques to study
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doi:10.1016/j.jasms.2006.08.010iron-sulfur cluster containing proteins include metal
analysis by inductively coupled plasma spectroscopy
[18, 19], cluster diamagnetic nature by electron para-
magnetic resonance [20 –22], Fe-S bond features by
resonance Raman spectroscopy [23, 24] and Mössbauer
spectroscopy [25, 26], and structural analysis by mag-
netic circular dichroism spectroscopy [27] and X-ray
absorption [28 –30].
More recently, electrospray mass spectrometry (ESI-
MS) has been successfully used in the study of iron-
sulfur cluster containing proteins, such as rubredoxins
[31–33], ferredoxin [34 –36], high potential iron-sulfur
protein [37], and biotin synthase [38]. The gentle feature
of electrospray allows the intact protein-metal cluster
complexes to be transferred into the gas phase without
dissociation and, thus, mass measurements can be ob-
tained. Amster and coworkers [39] have reported the
observation of intact iron-sulfur clusters in small iron-
sulfur containing proteins both in positive and negative
ion modes. Combined with the high-resolution capabil-
ity of FTICR mass spectrometry, they obtained stoichi-
ometry and the oxidation state of the metal clusters
[40 – 42]. Using either chemical or on-line electrochemi-
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168 GAO ET AL. J Am Soc Mass Spectrom 2007, 18, 167–178cal reduction, they also observed changes in the oxida-
tion state of a manganese-substituted iron-sulfur cluster
[43]. Robinson et al. [38] reported on the 2Fe-2S cluster
in E. coli biotin synthase using nanoflow electrospray
Q-TOF mass spectrometry in both positive and negative
ion modes. They also investigated the effect of solution
conditions on the stability of the protein-cluster com-
plex and the effect of the cluster on dimerization of the
protein. Compared to other traditional techniques,
ESI-MS has the advantage of generating direct informa-
tion on the stoichiometry, oxidation state, and stability
of the protein bound metal-cluster, as well as offering
better assay sensitivity and speed.
APS reductase catalyzes the reduction of adenosine-
5=-phosphosulfate (APS) to adenosine-5=-phosphate
(AMP) and sulfite with reducing equivalents from the
protein cofactor, thioredoxin (Trx) (Figure 1) [44]. It is
the first committed step in the process of sulfur assim-
ilation for plants, fungi and many bacteria [45, 46]. The
sulfite generated is reduced in a subsequent enzymatic
step catalyzed by sulfite reductase to sulfide, the re-
duced form of sulfur that is required for the biosynthe-
sis of cysteine, methionine and other primary metabo-
lites that incorporate thiols and sulfides. As humans do
not have homologous enzymes, bacterial APS reducta-
ses represent attractive therapeutic targets. Recently,
APS reductase has been identified in a screen for
essential genes in Mycobacterium bovis [47], and found to
be critical for virulence in a murine model of tuberculosis
infection (R. Senaratne, personal communication). APS
reductase fromMycobacterium tuberculosis is a monomer
with a molecular mass of 28.7 kDa and contains an
essential 4Fe-4S cluster that is ligated by at least three
cysteines within the sequence motif, -CC-X80-CXXC-
[48]. Interestingly, not all organisms that assimilate
sulfate reduce APS as a source of sulfite. Some organ-
isms such as Escherichia coli and Saccharomyces cerevisiae
[49, 50] reduce the related metabolite 3=-phosphoad-
enosine-5=-phosphosulfate (PAPS), but do not possess a
metal cluster.
Previously, based on the detection of a covalent
intermediate by electrospray mass spectrometry in
combination with other biochemical approaches, a two-
step mechanism for sulfonucleotide reductases as a
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Figure 1. Reaction schemclass of enzyme was proposed [48]. In that model, thesulfonucleotide undergoes a nucleophilic attack to form
an enzyme-thiosulfonate intermediate E-SO3H. Sulfite
is then released in a thioredoxin-dependent manner.
More recently, however, new results suggest that the
iron-sulfur cluster is a key constituent of the active site
of M. tuberculosis APS reductase and is essential for the
reduction of APS [51]. Herein, a more detailed investi-
gation of various noncovalent complexes containing
APS reductase from M. tuberculosis, by ESI-FTICR mass
spectrometry is presented, which provides specific in-
formation about the mechanism of this enzyme. Accu-
rate mass measurement was obtained for the 28.7 kDa
4Fe-4S containing holoenzyme. These data demonstrate
that the native holoenzyme does not possess an in-
tramolecular disulfide bond. Binary and ternary pro-
tein-ligand and protein-protein noncovalent interac-
tions of the holoenzyme with substrate APS, cofactor
Trx, and product AMP were investigated, with corre-
sponding dissociation constants determined. These
measurements provide important information on the
binding strength of AMP with the native enzyme and
with the thiolsulfonate intermediate. Finally, the impli-
cations of the observed complexes with respect to the
mechanism of APS reduction are discussed.
Experimental Procedures
Materials
APS was purchased from Biolog Life Sciences Institute,
95% (Bremen, Germany). AMP was purchased from
Sigma Chemical Company (St. Louis, MO). Molecular
biology gradeDTTwas purchased from Invitrogen (Carls-
bad, CA). E. coli thioredoxin protein was purchased from
EMD Biosciences (Novagen, San Diego, CA). Mycobacte-
rium tuberculosis APS reductase protein was expressed in
BL21(DE3) (Novagen) cells and purified using metal af-
finity chromatography as previously described [48]. All
other chemicals were purchased from Sigma and were of
the highest purity available (95%).
Sample Preparation for Mass Spectrometry
Aliquots (100 L) of purified APS reductase or thiore-
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sedoxin were buffer exchanged into 50 mM ammonium
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molecular weight cut off centrifugal filters with the
temperature of the centrifuge set at 4 °C. Protein con-
centrations, after buffer exchange, were determined by
Bradford assay, with a correction factor derived from
quantitative amino acid analysis used for APS reduc-
tase as described previously [48]. All ligands were
prepared as 1 mM stock solutions in 50 mM NH4OAc
and appropriate volumes of ligand, buffer, and enzyme
were mixed and incubated for 15 min to generate
noncovalent complexes. The mixture was chilled on ice
and infused into the ESI-FTICR mass spectrometer for
analysis. The syringe pump and spray chamber were
wrapped with ice bags to prevent protein precipitation.
Mass Spectrometry
All mass spectrometry data were acquired on a Bruker
APEX II FT-ICR mass spectrometer equipped with an
actively shielded 7 tesla superconducting magnet and
an Apollo electrospray source (Billerica, MA). Instru-
mental details can be found in previous publications
[48, 51]. For accurate mass measurement, the FTICR
mass spectra were internally calibrated against carbonic
anhydrase. For tandem mass spectrometry, the ion of
interest was isolated by correlated sweeps using corre-
lated harmonic excitation fields (CHEF). Argon was
then pulsed into the cell to a pressure of 1  107
mbar and the ions were collisionally activated for 2 s
using sustained off-resonance irradiation (SORI) at 1000
Hz above the ion’s cyclotron frequency. The activation
energy was tuned for best precursor-product distribu-
tion and kept constant for all experiments unless men-
tioned otherwise.
Accurate Mass Measurement
The molecular masses of APS reductase and its associ-
ated complexes were measured by using the average
mass method as previously reported [52, 53]. Briefly,
portions of the isotopic distribution above 50% relative
intensity of the highest isotopic peak were used to
calculate the average m/z of each charge state, and the
average mass of the neutral molecule was determined
based on all resolvable charge states. A correction factor
(m50%) of 0.5 Da was then added to derive the true
average mass (Mexp). To determine the number of
disulfides and the oxidation state of the iron-sulfur
cluster, a modified method reported by Johnson et al.
[39, 41] was used. The calculated average mass ( Mcal) is
determined based on the elemental composition of the
apoprotein plus the components in the metal center,
assuming that all cysteines are in reduced form and the
metal cluster has an oxidation state of zero. Mcal and
Mexp are then compared, and the difference been the
two values are attributed to the number of disulfide
bonds and the oxidation state of the cluster. For each
disulfide bond, two hydrogen atoms are lost, therefore
a 2 Da difference is expected. If the metal cluster carriesan oxidation state of 1, one proton must be removed
to retain the neutral molecule. Therefore, for an iron-
sulfur protein with a disulfide number of m and a
cluster oxidation state of n , the difference between
Mcal andMexp is expected to be mx2  n. After the mass
difference is determined, the final assignments of m and
n are made considering other available information. See
results and discussion for more details.
Results
MS Characterization of APS Reductase
The ESI mass spectrum of APS reductase sprayed from
50 mM NH4OAc, pH 7.5 is shown in Figure 2a. With the
nondenaturing solution condition used, three major
charge states ranging from 9 to 11 were observed.
Figure 2b represents an expansion of the 10 charge
state, in which three m/z values were measured, repre-
senting three distinctive forms of the protein: the apo-
protein, a 2Fe-2S containing protein and the holoprotein
with 4Fe-4S bound. Isotopically resolved spectra of the
28.7 kDa protein in nondenaturing conditions were
obtained, which allowed for the assignment of disulfide
number and oxidation state of the metal center in each
protein form. To minimize the error in mass measure-
ment, the average mass method was used [52, 53].
All high-resolution spectra were internally calibrated
against the most abundant isotopic peaks of carbonic
anhydrase. After calibration, the measured average
mass for the 4Fe-4S containing holoenzyme was found
to be 28,706.3 Da, which is 2 Da lower than the
theoretical value of 28,708.2 Da calculated based on its
chemical formula (C1245H1951N363O381S12Fe4). As de-
scribed in the experimental section, the 2 Da mass
difference could be attributed to either a disulfide bond
or a 2 oxidation state of the metal center. However, if
a disulfide bond is present in the holoenzyme, the
4Fe-4S cluster would be assigned an oxidation state of
zero, which is highly unlikely. Therefore, the more
reasonable interpretation for this mass difference is that
the holoenzyme is in the reduced form and the cluster
has an oxidation state of 2.
The average mass of the apoprotein was measured to
be 28,352.7 Da, and the calculated average mass for the
protein based on its amino acid sequence
(C1245H1951N363O381S8) is 28,356.6 Da. The 4 Da differ-
ence is consistent with the formation of two disulfides
between the four free Cys residues that normally coor-
dinate the cluster. The formation of disulfide bonds
between Cys ligands after cluster removal has been
reported in several other iron-sulfur cluster containing
proteins [38, 41]. Similarly, the measured average mass
of the 2Fe-2S containing intermediate was found to be 2
Da lower than the calculated value based on its chem-
ical formula (C1245H1951N363O381S10Fe2). This mass dif-
ference is most likely due to the expected 2 oxidation
state for the 2Fe-2S cluster, which results from partial
dissociation of the intact 4Fe-4S complex. This type of
on.
170 GAO ET AL. J Am Soc Mass Spectrom 2007, 18, 167–178cluster decomposition has been observed in other iron-
sulfur cluster containing proteins [54]. In a complete
4Fe-4S cluster, two irons are expected to have a formal
charge of 2 while the other two are 3; each iron
would be coordinated to one Cys ligand and three
inorganic sulfides. When two irons and two sulfides
dissociate from the cluster, each of the remaining two
irons would be ligated by two adjacent Cys ligands and
two inorganic sulfides.
To verify the accuracy of mass measurement, the
experimental isotopic distribution of each ion was com-
pared to the theoretical simulation. As shown in Figure
2c, the deviation between the measured and theoretical
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Figure 2. ESI mass spectra of 10 M APS red
distribution. (b) Expansion of the 10 charge
apo2Fe2S, and apo4Fe4S forms. (c) Compa
[apo4Fe4S]10 ion and the theoretical simulatimass to charge ratios for the most abundant isotopicpeak of the [apo  4Fe4S]10 ion is 0.7 ppm, indicating
that the mass assignment of the holoprotein is correct.
The same verification was carried out for all species at
all observed charge states. The calculated masses for the
neutral molecule of all protein forms were compared to
the theoretical values, as summarized in Table 1.
Noncovalent Interaction of APS Reductase
and Associated Ligands
Figure 3a represents the ESI mass spectrum acquired for
a mixture of 10 M APS reductase and 5 M APS. Four
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risonmajor ion clusters were observed, with the m/z values
assignment. All spectra were internally calibrated against carbonic anhydrase.
bThe most abundant isotopic mass determined from theoretical simulation.
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Figure 3. ESI mass spectra of 10 M APS reductase with different ligands (a) APS reductase with 5
M APS. Ions corresponding to various charge states of intact enzyme (E), thiosulfate intermediate
(E–SO3H), noncovalent complex of enzyme with AMP (E·AMP) and noncovalent complex of
intermediate with AMP (E–SO3H·AMP) are labeled. (b) APS reductase with 2.5 M Trx showing the
formation of a binary complex. (c) APS reductase with 2.5 M Trx and 20 M AMP showing theTable 1. Accurate mass measurements of APS reductase and its associated complexes
Enzyme forms Mexp (Da)
a
Mtheor
(Da)b
M
(ppm)
Disulfide
number
Cluster
oxidation state
Apo 28352.376  0.073 28352.235 5.0 2 N/A
Apo  2Fe-2S 28530.192  0.107 28530.078 3.9 0 2
Apo  4Fe-4S (E) 28705.995  0.058 28705.879 4.0 0 2
E-SO3H 28785.971  0.064 28785.836 4.7 0 2
E AMP 29053.051  0.075 29052.902 5.1 0 2
E-SO3H AMP 29133.029  0.077 29132.898 4.5 0 2
aThe average experimental value of the most abundant isotopic mass over the charge state distribution. The most abundant isotopic mass was
assigned after the average mass was first determined as described in the experimental section. Four measurements were made for each massformation of a ternary complex.
.172 GAO ET AL. J Am Soc Mass Spectrom 2007, 18, 167–178for the 10 charge state ions measured at 2871.5970,
2879.5913, 2906.3042, and 2914.2998. The ion with the
lowest m/z value corresponds to the free holoenzyme
(E). A second ion results in a mass shift of 80 Da
versus the holoenzyme, and represents a thiosulfonate-
modified enzyme (E-SO3H). The third ion is observed at
347 Da higher than the holoenzyme, and corresponds to
a noncovalent complex between the holoenzyme and
AMP (E·AMP). The product AMP is formed once APS is
reduced with concomitant transfer of the sulfate group
to the enzyme. The last ion, with a calculated mass shift
of 427 Da compared to the holoenzyme, is identified
as the noncovalent complex of E-SO3H with AMP.
Based on the results of the accurate mass measurements
listed in Table 1, the oxidation state of the cluster in
each of the four enzyme forms was determined to be
2, which indicates that there is no electron-transfer
during substrate binding and intermediate formation.
This data is consistent with previous electron paramag-
netic resonance spectra of APS reductase observed in
the presence or absence of APS or AMP [51]. It is
apparent that AMP could bind both to the intact ho-
loenzyme and to the covalent thiosulfonate enzyme-
intermediate, but possibly with different affinities. The
dissociation constant of E·AMP (Kd1) and that of
ESO3H·AMP (Kd2) can be expressed as
Kd1
E AMP
E ·AMP
(1)
Kd2
E SO3H AMP
E SO3H ·AMP
(2)
Therefore, the ratio between Kd1 and Kd2 is
Kd1
Kd2

E E SO3H ·AMP
E SO3H E ·AMP
(3)
The concentrations of the four different enzyme
associated forms can be represented by their ion abun-
dances measured in the same spectrum, assuming that
they have approximately the same ionization efficien-
Table 2. Ion abundances used in the calculation of relative diss
Measurement
Normalized ion
abundances E
1 I10/10  I11/11 599964.3
2 I10/10  I11/11 784145.4
3 I10/10  I11/11 691255.5
4 I10/10  I11/11 755920.9
Average
SD
aIon abundances in each measurement were the averages of 32 scanscies. As has been noticed previously for other protein-ligand noncovalent interaction systems [55, 56], the
relative ratio between bound and unbound protein ions
are slightly different at different charge states. There-
fore, the normalized sum of ion abundances over all
resolvable charge states was used to for each form. The
corresponding data used in the measurement of relative
dissociation constant of E·AMP versus ESO3H·AMP are
listed in Table 2. The calculated value of Kd1/Kd2, using
eq 3, is 2.67  0.25 (n  4), which indicates that AMP
binds with a higher affinity to the enzyme-intermediate
than to the free enzyme. This affinity difference is
consistent with biochemical data that suggest a confor-
mational change in the active site of APS reductase
upon covalent intermediate formation [51]. However,
Kd measurements were not reported previously and
thus this is the first time that this effect has been
quantitatively reported.
Protein-protein interactions between APS reductase
and Trx were also investigated. Trx is a protein cofactor
with a molecular weight of 12.5 kDa and a redox active
disulfide bond. Under aerobic conditions, the disulfide
bond is primarily oxidized. Pre-incubating Trx with
DTT reduced the disulfide bond as evidenced by a 2
Da shift in the corresponding mass spectrum (data not
shown). Figure 3b shows the spectrum acquired for a
mixture of APS reductase and oxidized Trx (Trxox)
under aerobic conditions. In addition to ions corre-
sponding to the holoenzyme and Trxox, a new series of
ions were observed with m/z values observed at
3330.19 and 3607.64, which correspond to the noncova-
lent complex between the enzyme and Trxox (E·Trxox) at
charge states 13 and 12, respectively (theoretical
values are 3330.26 and 3607.70, respectively). Unlike the
phenomenon observed in noncovalent complexation
with small molecule ligands, binding of a protein (MW
10 kDa) alters the charge states of the reductase to
higher values. The most abundant ion for free Trxox
detected in the same spectrum is represented by the 7
charge state (measured m/z value of 2083.06 with theo-
retical calculated value of 2083.08, oxidized form), and
the most abundant ion for free APS reductase has a
charge state of 10. The total apparent charge for the
protein-protein complex is less than the sum of the
apparent charge for each free protein. This effect is
on constanta
-SO3H E·AMP E-SO3H·AMP
Kd1/
Kd2
4986.8 146615.9 246015.0 2.61
4102.8 177272.2 274522.8 2.51
8656.4 155019.4 254743.6 2.53
7363.6 157638.5 264646.4 3.04
2.67
0.25ociati
E
38
48
44
41mostly due to a higher ordered structure of the binary
d ter
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ponent shielded in the binding interface, as has been
observed in the investigations of other protein-protein
interactions [57]. No significant change was observed in
the resulting spectrum when Trx was reduced by the
addition of DTT to the binary complex. Figure 3c shows
the spectrum acquired for a ternary mixture of APS
reductase, Trx and AMP. Binary complexes of APS
reductase with AMP and Trx were observed, as ex-
pected. In the same spectrum, an additional ion with an
m/z value of 3356.89 was observed, which corresponds
to the ternary complex E·AMP·Trxox at the 13 charge
state (theoretical value is 3356.95).
APS reductase was further incubated with both
substrates APS and Trx to investigate the possible
existence of a ternary complex associated with the
intermediate. Figure 4a shows the spectrum acquired
for the ternary mixture with APS at a limiting concen-
tration. Under these conditions, free enzyme is the
major species whereas the intermediate is in relatively
Figure 4. ESI mass spectra of 10 M APS re
concentration of APS. (a) [APS]  2.5 M. (b) [A
state region showing the formation of binary anlower abundance, and the following complexes wereobserved: E·AMP, E-SO3H·AMP, E·Trxox, and
E·AMP·Trx ox. When the concentration of APS in the
mixture was increased, the majority of the enzyme was
converted to the intermediate form as shown in Figure
4b. Under these conditions, the oxidized Trx was found
to bind to the intermediate as well, with [E-SO3H·
Trxox]
13 observed at m/z 3336.32 (theoretical value is
3336.35). In addition to the ternary complex of
E·AMP·Trxox, another ternary complex E-SO3H·AMP·
Trx ox was also observed in this spectrum, with the m/z
of the 13 charge state ion measured at 3363.00 (theo-
retical value is 3363.11). When DTT was added to the
reaction mixture to reduce Trx, all complexes associated
with the intermediate were reduced to those associated
with the free enzyme.
Gas-Phase Stability of the Iron-Sulfur Cluster
The gas-phase stability of the iron-sulfur cluster was
evaluated using in-source dissociation by changing the
ase incubated with 2.5 M Trx and different
7.5 M. Insets are expansion of the 10 charge
nary complexes.duct
PS] capillary exit voltages. At capillary exit voltages below
re ali
174 GAO ET AL. J Am Soc Mass Spectrom 2007, 18, 167–178180 V, good electrospray mass spectra could not be
obtained for this 28.7 kDa iron-sulfur cluster containing
protein, probably due to inadequate desolvation. When
the capillary exit voltage was varied between 180 and
240 V, no significant difference was observed in the
corresponding spectra and the relative ratio among the
apo, 2Fe-2S and 4Fe-4S forms remained relatively con-
stant (data not shown). This result suggests that the
intermediate and apo forms observed in the mass
spectra are not due to the ESI process, but represent
different solution populations. In addition, as pointed
out by Hernandez et al. [38], disulfide bonds will be
formed between adjacent cluster ligands if the cluster is
dissociated in solution, whereas free thiols would be
formed due to in-source dissociation of the cluster. The
accurate mass measurements described above indicate
that the apoprotein contains two disulfide bonds. When
the capillary exit voltages were increased above 240 V,
dissociation products were observed as shown in Fig-
ure 5. In these experiments, intact APS reductase and its
thiosulfonate intermediate, which was prepared by
incubation with at least 5 M excess of APS, were
analyzed at capillary exit voltages of 240, 280, and 320 V
with all other instrumental parameters kept constant.
For the intact enzyme, four well-resolved dissociation
products were detected at higher capillary exit voltages
with measured mass differences of 34, 68, 102, and 136
Figure 5. Expansion (10 charge state) of ESI m
reductase pre-incubated with 5 M excess APS (r
and 320 V (c). Peaks labeled with 1, 2, and 3 rep
from the corresponding precursor ions, which aDa from the precursor. The most likely explanation forthese dissociation products is loss of one to four S2
from the intact cluster. In order for the product ions to
be observed at the same charge state as the precursor
ions, two additional protons need to be lost, therefore
the total mass of the neutral loss (nxSH2) is nx34, n 
1–4, which agrees well with the measured values. For
the mixture of APS reductase with excess APS, the two
major ions shown in Figure 5 (trace A, right panel)
represent the thiosulfonate intermediate and AMP
bound intermediate. At capillary exit voltage of 280 V,
sequential losses of SH2 were observed for both precur-
sor ions with losses of four SH2 being the most abun-
dant product ions. At a capillary exit voltage of 320 V,
AMP was found to dissociate from the noncovalent
complex and only the thiosulfonate intermediate with
loss of 4xSH2 was observed in the spectrum.
To obtain complementary information, sustained off-
resonance irradiation collision induced dissociation
(SORI-CID) spectra were also acquired for intact APS
reductase (E), the enzyme-thiosulfonate intermediate
(E-SO3H), and noncovalent complexes E-SO3H·AMP
and E·AMP, as shown in Figure 6. In each experiment,
the 10 charge state ion of the corresponding protein/
complex was isolated and then dissociated at the same
collision energy. For E, the major product ion observed
corresponds to loss of 4xSH2 from the precursor ion. In
addition to the loss of the inorganic sulfide ion, further
pectra acquired for APS reductase (left) and APS
at capillary exit voltages of 240 V (a), 280 V (b),
t dissociation products with loss of 1 to 3 SH2
gned with the dotted lines.ass s
ight)
resenloss of the covalently bound sulfite was also observed
175J Am Soc Mass Spectrom 2007, 18, 167–178 NONCOVALENT COMPLEXES OF APS REDUCTASEfor E-SO3H. When the same experiment was repeated
for E-SO3H·AMP or E·AMP, only one product ion was
observed, representing the loss of 4xSH2 from the
corresponding precursor ion. Dissociation of AMP from
the complexes was not detected until the collision
energy was increased to higher values, which is consis-
tent with the results obtained from in-source dissocia-
tion.
Discussion
Characterization of the 4Fe-4S Cluster Containing
APS Reductase by ESI-FTICR MS
ESI-FTICR mass spectrometry was utilized to investi-
gate a 4Fe-4S cluster containing protein, M. tuberculosis
APS reductase. Under nondenaturing conditions, the
intact holoprotein was observed. The apoprotein with-
out the cofactor and a 2Fe-2S intermediate were also
detected, which result from complete or partial disso-
ciations of the metal center due to solution oxidation.
The relative ratio among different protein forms could
be approximated based on their relative ion abundances
in the spectra. With isotopically resolved spectra ac-
quired using ESI-FTICR, the oxidation state of the
cluster and the disulfide status for each protein form
were determined. The assignments of oxidation states
for the 4Fe-4S and 2Fe-2S clusters are consistent with
previous electron paramagnetic resonance (EPR) spec-
troscopy results [51]. Furthermore, cysteine labeling
studies do not support the existence of disulfide bonds
in the holoenzyme [48]. Compared to EPR and cysteine
labeling experiments, accurate mass measurement con-
Figure 6. SORI-CID spectra of (a) intact enzyme, (b) thiosulfate
intermediate, (c) AMP bound thiosulfate intermediate, and (d)
AMP bound enzyme. In each spectrum, the 10 charge state
precursor ion was isolated and subjected to CID as described in
the experimental section.sumes less protein sample and assay time. Notably, M.tuberculosis APS reductase is thus far the largest iron-
sulfur cluster containing protein for which high-resolu-
tion mass spectra were obtained. Careful tuning of the
instrumental parameters is very crucial to observing
good quality spectra for the intact holoprotein and its
associated complexes on the FTICR mass spectrometer.
Since APS reductase is relatively unstable at room
temperature, it is also important to keep the syringe and
spray chamber at low temperature during mass analy-
sis.
Tandem mass spectra acquired using both in-source
dissociation and SORI-CID provide further evidence for
the composition of the iron-sulfur cluster in APS reduc-
tase and its associated covalent/noncovalent com-
plexes. The loss of inorganic sulfide ions, together with
two additional protons, has been reported for another
iron-sulfur cluster containing protein E. coli biotin syn-
thase [38]. In that story, the authors attribute the obser-
vation to the lability of inorganic sulfides, which can be
inserted into dethiobiotin to synthesize biotin. For M.
tuberculosis APS reductase, loss of iron or the intact
cluster was not observed at the highest dissociation
energy tested, using both in-source dissociation and
SORI-CID. These data indicate that in the gas phase, the
interaction between Fe2/Fe3 and the protein ligands
is stronger than that between the cluster ions (Fe2/
Fe3and inorganic S2). It is interesting to note that it
requires higher energy to dissociate the noncovalently
bound AMP compared to inorganic sulfides in the
metal cluster. This is due to either a stronger interaction
between the holoenzyme and AMP, or to a gas-phase
effect through which the interaction between positively
charged residues on APS reductase and negatively
charged AMP is strengthened. The latter effect has been
observed previously in noncovalent spermine-peptide
complexes. In that study, the gas-phase interaction
between oppositely charged groups was found to be
unusually strong [58].
The Mechanism of Sulfonucleotide Reduction
The mechanism of sulfonucleotide reductases has been
the subject of much debate over the last decade. Two
different models have been proposed, with the main
conflict concerning the requirement of pre-reduction of
the reductase by the protein cofactor Trx. In the early
model, based on initial steady-state kinetics of S. cerevi-
siae and E. coli PAPS reductases [49], thioredoxin was
proposed to reduce an intermolecular disulfide bond
between the two C-terminal cysteine residues on the
homodimer. One of the liberated thiolates would sub-
sequently execute a nucleophilic attack on the sulfur
atom in PAPS, generating a thiosulfonate intermediate.
In the final step, the second thiolate would facilitate
sulfite release via reformation of the intermolecular
disulfide bond. Based on the detection of a stable
covalent intermediate between the enzyme and APS,
we recently reported a common mechanism that is
shared by at least three different reductases (M. tuber-
ains
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aeruginosa APS reductase [48], which is also consistent
with data previously reported by Weber et al. for A.
thaliana APS reductase [59]. In the first step of this
model, an absolutely conserved cysteine reside carries
out nucleophilic attack on the sulfonucleotide sulfate
group, yielding a thiosulfonate intermediate. In the
second step, thioredoxin is required for the reduction of
the thiosulfonate bond to release sulfite. For monomeric
M. tuberculosis APS reductase, the presence or absence
of an intramolecular disulfide bond is one way to
distinguish between the two possible mechanisms. Ac-
curate mass measurements described in this current
study indicate that the 4Fe-4S cluster containing holoen-
zyme does not have a disulfide bond, thus supporting
our proposed mechanism. In our preliminary model,
the reaction catalyzed by APS reductase was delineated
into two major steps: intermediate formation and inter-
mediate breakdown. To shed light onto other steps
during the reaction and thus gain a more comprehen-
sive understanding of the mechanism of APS reduction,
noncovalent complexes formed during the reaction
were investigated using ESI-FTICR mass spectrometry.
The detection of a stable substituted enzyme (E-
SO3H) indicated that APS reduction follows a ping
pong mechanism. However, as described above, gas-
phase noncovalent complexes of E-SO3H·AMP (con-
verted from E·APS, Figure 3a) and E·Trx (Figure 3b and
c) were both detected, indicating that the two substrates
can associate with APS reductase in the absence of each
other. Minimally, these results suggest that the enzyme
does not function through a classical ping-pong mech-
anism [60], in which the second substrate only binds to
the enzyme-intermediate, but not to the intact enzyme.
Results in the current study also show that the product
AMP binds both to the holoenzyme and the thiosulfon-
ate enzyme-intermediate as supported by the observa-
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Figure 7. A revised mechanism for APS redu
chemical step of sulfite release. All steps shown
shown in a dotted arrow and question mark remtion of noncovalent complexes E·AMP (Figure 3a, c, andFigure 4a) and E-SO3H·AMP (Figure 3a and Figure 4).
These types of complexes have been observed in other
nonclassical ping-pong systems as well [61, 62]. Finally,
several ternary complexes that are predicted for a
nonclassical ping-pong system according to Segel at al
[60]. were also observed in our assay. These complexes
include E·AMP·Trxox (Figure 3c and Figure 4) and
E-SO3H·AMP·Trxox (Figure 4b).
In the above mass spectra of protein-ligand mixtures,
only the holoenzyme with a mature 4Fe-4S cluster
forms the corresponding complexes, whereas the
apoenzyme and the intermediate containing 2Fe-2S
cluster do not. These results indicate that the noncova-
lent complexes observed in the gas phase represent
specific solution-phase binding effects. However, the
equilibrium binding assays provide no information on
the binding sequence for formation of a ternary com-
plex, i.e., information on whether two ligands bind
randomly, or in a specific order is required. It has been
demonstrated that APS could be reduced with concur-
rent enzyme-intermediate formation in the absence of
Trx [48]. However, it is not clear whether binding of Trx
to the intact enzyme could also lead to final product
formation, or if E·Trx is solely a nonproductive com-
plex; i.e., Trx is released when APS binds, then rebinds
to E-SO3H·AMP to complete the reaction. It is not
possible to distinguish between the two scenarios based
on the noncovalent interaction results obtained in the
current study. Considering other available biochemical
data, the latter scenario seems more reasonable. Previ-
ous results indicate that APS reductase experiences a
conformational rearrangement upon intermediate for-
mation, and the thiosulfonate intermediate is stable
against small molecule reductants [48, 51]. Therefore
one can imagine that the intermediate is stabilized by
the conformational restraint, which only relaxes upon
APS
d
E-SO3H AMP Trxred
Trxred
MP
P  SO3
2- *
?
. The step marked with a star represents the
lid arrows have been proved to exist. The step
to be tested.Trxre
3H A
ox AM
ctase
in soTrx binding and action. However, without detailed
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completely excluded.
Based on the above information, a more detailed
mechanism is proposed for M. tuberculosis APS reduc-
tase as shown in Figure 7. In this mechanism, APS and
Trx bind independently to the intact APS reductase,
forming binary complexes E-SO3H·AMP and E·Trx.
Subsequent binding of the other substrate forms the
ternary complex. However, the extent of APS binding
towards E·Trx to form the intermediate (indicated with
a dotted arrow and question mark) remains to be tested.
Once APS is bound, the nucleophilic cysteine (Cys 249)
attacks its sulfuryl group, yielding the substituted en-
zyme-thiosulfonate intermediate. This is followed by
the reduction of the intermediate by reduced Trx to
release sulfite and recycle APS reductase to its original
form. The product AMP could be released in a random
fashion either before or after the action of Trx. In the
scenario where AMP remains bound until Trx attacks, a
conformational change of the intermediate to prevent
AMP from dissociation would be expected, which is
consistent with our previous results [51]. Detailed struc-
tural information is required to test these hypotheses,
and will be the subject of future investigations.
Conclusions
Accurate mass measurement of the 4Fe-4S cluster con-
taining APS reductase holoprotein indicates that there
is no disulfide bond in the native enzyme and the
cluster has an oxidation state of 2. Accurate mass
measurements of the holoenzyme, the enzyme-thiosul-
fonate intermediate and both with AMP bound indicate
that there is no electron-transfer effect in the cluster
during substrate binding and reduction. Extensive in-
formation was obtained by investigating the noncova-
lent complexes between the holoenzyme of APS reduc-
tase and various ligands. Based on the ion abundance
observed in the same spectrum, relative binding affin-
ities of the ligand towards different forms of the en-
zyme were determined. A more detailed mechanism is
proposed for APS reductase given the binary and
ternary complexes observed during the reaction. Gas-
phase stability of the cluster in different enzyme forms
was also investigated, which provides further informa-
tion about the composition of the cluster in APS reduc-
tase and its associated complexes. The current research
demonstrates the potential of ESI mass spectrometry in
combination with high-resolution FTICR in the investi-
gation of complicated biological systems. Better under-
standing of the reaction mechanism of APS reductase
assists in inhibitor design towards the enzyme, and is
also crucial to further elucidate the role of APS reduc-
tase in M. tuberculosis infection.
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